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The PHO3 gene of Swchmmyc~s rerchhc encodes thiamine-repressible acid phosphatasc and requires the positively acting regulatory protein 
TH12 for its expression. Dclction analysis of the S’-flanking region of PH03 gene revealed that an aclivating region located at nuclcotide position 
-234 to -215 relative to the translation initiation codon is required for the expression and sensiti.:ity to thiamine. A chemically synthesized DNA 
fragment covering -234 to -215 showed a significant level ofexpression when inserted in front of the PHO3 promoter lacking the activating region. 
Electrophorctic mobility shift assay dcmonslrated the presence of proleins that bound lo lhe above DNA fragment in the nuclear extract from 
cells grown in thiamine-free medium. These lindings suggcsled that this region bctwcen -234 and -215 acls as an upstream aclivalion clement of 
the PHO3 gene thal can interact with regulatory proteins. 
Thiamine-repressible acid phosphatase; Upstream aciivation clement; PH03; .Qcc/~uro~r~~re~ trre~*i.sirre 
1. INTRODUCTION scribed above in order to elucidate the regulation of 
thiamine metabolism in yeast at the molecular level. 
The PHO3 gene of Sacdturomyces cerevisiue encodes 
thiamine-repressible acid phosphatase (T-rAPase) [l], 
and its expression is regulated at the transcriptional 
level by exogenous thiamine [2]. Recently, we isolated 
the THfZ gene of S. cerevisiue [3], the transcript of 
which positively regulates the coordinated expression of 
T-rAPase and enzymes synthesizing thiamine mono- 
phosphate from 2-methyl4-amino-5-hydroxymethylpy- 
rimidine and 4-methyl-5-/?-hydroxyethylthiazole [4]. On 
the other hand, the expression of thiamine transport, 
T-rAPase and the enzymes for thiamine synthesis is 
controlled negatively by the intracellular level of thia- 
mine pyrophosphate [S]. Thus, the yeast genes encoding 
the enzymes involved in thiamine metabolism are likely 
to share a common control mechanism. Every yeast 
gene contains an upstream activating sequence (UAS) 
located upstream of the TATA box. This sequence plays 
a major role in the transcription and regulation of the 
gene, and in several cases the binding of positive trans- 
acting regulatory factors has been demonstrated for 
these sites [6,7]. Some genes contain a different ype of 
regulatory sequence for negative regulation. Since genes 
subject to a common control mechanism contain up- 
stream elements that are similar in DNA sequence, it is 
necessary to identify the structure of such c&acting 
sequences involved in the expression of the genes de- 
In this study, using DNA deletions, we localize the 
region responsible for the transcriptional activation of 
the PH03 gene in response to the concentration of thia- 
mine in the growth medium. Also, electrophoretic mo- 
bility shift assay demonstrated the occurrence of pro- 
teins capable of binding to the above region in nuclear 
extracts from cells grown in thiamine-free medium. 
2. MATERIALS AND METHODS 
Plasmid pAP20. con raining a 7.9.kbp yeas1 DNA fragment carrying 
the PHO5, a structural gene for phosphate-repressible acid phosphat- 
USC, and PH03 genes [S], as well as pRS315 [9], were supplied by Y. 
Kancko (Instilutc for Fermentation, Osaka, Japan). Restriction cn- 
zymes were purchased from Nippon Gene (Toyama, Japan) irllJ 
Takara Shuzo (Kyolo. Japan) and Toyobo Co. (Osaka, Japan). 
[a-“?P]dCTP (3,000 Ci/mmol) was purchased from ICN Biomcdicals 
(Costa Mesa. CA). All olher chemicals were purchased from commer- 
cial suppliers. 
The yelst sii;lin ND,-IC (hfAr plro3-l /)//05-l /CL&3,112). COll- 
slructcd in lhis study, was the host strain for transformation. X2180- 
IA (MA Tu SC/C2 tool &2 CUPI) was also used in this study. Yeast 
cells were cultured at 30°C in YPD medium (1% yeast extra& 2% 
Bacto-Peptone, 2% glucose) or in a delincd medium containing 0.67% 
yeast-nitrogen base (Difco Laboratories) supplcnrenlcd with essenlial 
amino acids or Wickerham’s yr~hh medium supplcmcnted with 
essential amino acids with or wilhout thiamine [IO]. Yeast cells were 
transformed by lithium acetate as described by Ito cl al. [I I]. 
Cutwspondcxce ur&w: K. Nosako, Department of Biochemistry, Esciwrichh coli strains, DHS and MVI 184, were cultured in LB 
Kyoto Prefectural University of Medicine, Kamigyo-ku, Kyolo 602, medium (0.5% yeast extract, I% Baao-Peptonc, 1% NaCI. 0.2% glu- 
Japan, cose) ai 37°C. When ncccssary, the medium was supplemented with 
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pAP20 
BuntHI Pstl Ndcl 5nmtlf 5coRl hoRl 
Psti-BamH1 fragment 
BmHI 
Ps% Ndel, ExolR 
Ndei, Bal31 
- pKI3N series 
a pKl3 Serbs 
Fig. I, Construction and structure of the plasmids used for analysis of the regulatory region of PH03. Their sources and detailcxl proccdurcs arc 
described in Materials and Mcthcds. 
ampicillin (20 ,UgIml). Bacterial transformations and preparation of 
plasmids by alkaline lysis were performed as described by Maniatis et 
al. [l3]. 
23, Plrrsr~tid constrtdctior2 
The construction of plasmids used for the analysis of the PHO3 
regulatory regions is diagrammatically shown in Fig. I. Plasmid pKE 
and pKB were constructed by cloning the 5.3.kbp HUIIIHI fragment 
containing both the PffO5 and PHO3 genes and the 3.3-kpb Psrll 
BMIIHI fragment containing the PHO3 gent into pRS3l S. rcsl>rctively. 
To create scqucntial and Y-deletions in the PH03 upstream region, 
pKB was double-restricted with both Apol and HindIll, and digested 
with exonuclcnse III (Promcga, Madison, WI) for various periods at 
22°C (pKB1-l series). The pKBN series was also constructed by the 
above procsdurc from pKB restricted with both Purl and MM. To 
crcatc internal deletions, pKB was cleaved at the N&I site, treated 
with B&31 nuclcase-S (Takara Shuzo) for various periods at 22°C. 
8lled in with Klcnow fragment. and circularized (pKB series). The 
deletion ends were dcurmined by direct dideoxy nucleotidc scquenc- 
ing from the plasmid DNA using a synthesized oliponucleotidc as a 
primer [13]. 
Synthetic single-stranded oligonuclcotidcs containing putative up 
stream activation regions of PII03 flanked by Hirrdlll linkers on both 
sides wcrc synthcsizcd using a DNA synthcsizcr, 381A (Applied Bio- 
systems. Tokyo, Japan). Complementary strands were mixed in equal 
amounts, healed to 65°C. then slowly cooled lo 37°C. The doublc- 
stranded oligonuclcotidcs obtained were 5’-phosphorylatcd with T;1 
polynucl~~tide kinase then inserted in various combinations into the 
Hirldlll site in front of the putative upstream activation region-dcg- 
cicnt PHO3 in pKBN 153. The identity of the inserted sequences was 
confirmed by DNA sequencing. 
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Yeast nuclear extracts were prepared from strain X21 SO-IA grown 
under the indicated conditions as described by Schneider el al. [14]. 
DNA fragments were end-labeled with [a-‘!P]dCTP with Klenow frag 
men1 and used for DNA-protein binding reactions as described by 
Company et al. [I51 with some modilications. Gel shift experiments 
Were carried out in 3 2Oyl reaction mixture containing I ng of a DNA 
probe (5.000 cpm). LO yy of the nuclear extracts, I ,~g of non.spcciHc 
competitor DNA (poly(dl-dC)), 4 mM Tris-WC1 (pW 8,0), 40 mM 
NaCl, 4 mM MgCl,. I mM dithiothrcitol and 4% glycerol. For spcilic 
competition, 100 ng of non-labeled oligonucleotidc was added. The 
mixture wus incubated at 30°C for 30 min and loaded onto a 12% 
polyacrylamidc gel. After cleclrophoresis, the gel was dried and au- 
toradiographed at -70°C. 
Acid phosphatasc activity with p*nitrophenyl phosphate as a sub- 
strate was determined irectly using whole cells as previously dc- 
scribed [16]. One unit of enzyme activity war delined as the amounl 
ofenryme that liberated 1 ymol ofp.nitrophenol per min. Protein was 
determined using a protein assay kit (Bio-Rad. Richmond, CA) with 
bovine berum albumin as the standard. 
3. RESULTS AND DISCUSSION 
3.1. Deletion analysis of PH03 pror~rer DNA 
The PHOS and PHU3 genes are clustered and located 
on chromosome II in S. cerevisiue (Fig. 2). There are 
only 350-bp nucleotides between the PHO5 mRNA end 
and the PH03 transcription initiation site [ 171. To deter- 
mine the upstream boundary of sequences necessary for 
transcription of PHOS, we first constructed two plas- 
mids derived form pRS315 with pAP20. One contained 
both PHOS and PHO3 genes (pKE) and the other in- 
cluded the PHO3 gene flanked with the 367-bp upstream 
region (pKB). These plasmids were transformed into 
the yeast strain, ND2-IC ($103 @I&), and cells were 
cultured in medium in the presence or absence of thia- 
mine, in which the expression of PM75 gene was com- 
pletely repressed. As shown in Fig. 3, both cells with 
pKE or pKB expressed the PH03 gene to the same 
extent, indicating that the upstream region extending to 
the PsrI site of the PHO3 is adequate for full expression 
of the gene. 
To determine the essential regulatory regions, we 
constructed a series of plasmids bearing various dele- 
tions in the S-noncoding region of the PHO3 gene and 
the expression of the PH03 gene was examined as de- 
scribed above. The results are summarized in Fig. 3. 
The PHO3 genes with a promoter truncated at nucleo- 
tide position -234 and those with a longer promoter 
conferred about IO-30-fold more T-rAPase activity in 
thiamine-free medium than in thiamine-supplemented 
medium, although they caused a partial decrease of 
PHO3 expression. However, the promoter truncated at 
position -204 showed significantly lower T-rAPase ac- 
tivity and no differential synthesis of the enzyme in 
response to the thiamine concentration. Furthermore, 
the PHU3 fragment with internal deletion of the region 
from -247 to -215 barely showed the activity. These 
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Fig. 2. Schematic diagram of the PHO3 promoter relative to the PH0.V 
PHO3 locus. 
findings indicate that a sequence critical for PHO3 regu- 
lation in yeast is located in the 20-bp region between 
nucleotides -234 and -215. 
Elimination of the upstream region from position 
-145 almost completely abolished the T-rAPase activ- 
ity, whereas elimination of all the upstream region from 
position - 127 resulted in a slight increase of the enzyme 
activity but no response to thiamine signals, These find- 
ings suggested that a 18-bp sequence from nucleotide 
- 144 to -127 inhibits PHO3 expression (inhibitory re- 
gion). 
Fig. 3. El’fcct of deletions in the upstream region on PH03 expression 
in the presence or absence of thiamine. The thick lines and open boxes 
represent ~hc Y-flanking region and the open reading frame of PH03 
DNAs, respectively. Numbers above the bars indicate nuclrotide posi- 
tions relative to the translation initiation codon. Each value is the 
mean of two cxperimcnls. 
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Fig. 4. Reconstitution of the upstream activation element from syn- 
thetic aligonucleoCdcs. (A) Synlhctic oligonuclcotidcs used for rccon- 
stitulion. The capital letters indicate syuheGc nucleotidcs with the 
sanvz sequences a authentic PffO3 promoter DNA, and the lowercase 
letters represent linker sequences. Each value is the mean of three 
experiments. (B) Expression ofT-rAPasc directed by the reconstituted 
upstream activation elements. The orientation of individual nucleo- 
tides in the constructs i  indicated by the arrows, 
3.2. Recomtructiotz of the rrpstreunt activution elemertt 
Oligonuclcotides were synthesized and used for the 
following reconstitution studies (Fig. 4). Oligonucleo- 
tide 1 covered the 20-bp region between nucleotides 
-234 and -215, which contained both sequences of ol- 
igonucleotides 2 (from -234 to -225) and 3 (from -226 
to -2 15). Oligonucleotide 4 containing an 18-bp region 
excluded a 5’-flanking 2-bp nucleotide from oligonucle- 
otide 1. All nucleotides were flanked by NirzdIlI sites, 
and inserted, alone or in combination, into the MirzdIII 
site of pKBNl53. These plasmids were introduced into 
strain ND2-1 C, and the transformants were assayed for 
T-rAPase activities. Insertion of a single copy of ol- 
igonucleotide 1in either orientation permitted a low but 
significant expression, which increased by connecting 
two copies of this oligonucleotide. In the latter, PffOJ 
expression was somewhat sensitive to thiamine. Two 
topics of oligonucleotide 2 also caused significant T- 
rAPase activity, but oligonucleotides 3 or 4 did not 
increase the expression. 
These results uggested that the 20-bp region between 
-234 and -215 mediates both PWO3 gene expression 
irnd thiamine repression, although this region is not 
sullicicnt for full expression of the gene. In fact, when 
Nuclear extract 
Competitor 
- 
Complex 
- 
Free DNA r) 
Suppl. in medium 
- None Thiamin -- 
- - + - + 
1 2 3 4 5 
Fig. 5. Electrophoretic mobility shift assay. Protein binding reactions 
to 32P-labeled oligonucleotide 1 were performed using yeast nuclear 
extracts from cells cultured in thiamine-free (lanes 2 and 3) or -supple- 
mented medium (lanes 4 and 5) as described in Materials and Meth- 
ods. The nuclear exlracts !vcrc omitted from lane I and unlabeled 
nuclcoGdcs were added to the samples in lanes’ 3 and 5. 
oligonucleotide 1 modified with the ,%I linker was 
inserted into the XltoI site in front of a UAS-deficient 
CYC1-~~cZ fusion on a plasmid derived from pLG669- 
Z [IS] (provided by S. Harashima, Osaka University), 
and when the resultant plasmid was transformed into a 
wild-type strain, the yeast cells expressed low levels of 
j%galactosidase in thiamine-free medium (data not 
shown). Since the deletions of the region -367 to -335 
and the region -273 to -245 in the PfY03 promoter 
resulted in the decrease of the expression without effect 
for thiamine regulation (Fig. 3), these regions seem io 
be required for full expression of the gene together with 
the region between -234 and -215. 
3.3. Proreirl binding to oligonucleotide I 
Since the region between -234 and -2 15 is likely lo 
be responsible for repression by thiamine, we used the 
electrophoretic mobility shift assay to detect specific 
protein factors in nuclear extracts which can recognize 
this sequence. Oligonucleotide 1was labeled with 32P by 
filling in the two protruding ends. The resulting DNA 
being 2%bp in length, as a result of the fill-in reaction, 
was uzd as a DNA probe in the gel retardation reaction 
assay. As shown in Fig. 5, when the probe was mixed 
247 
Volume 305, number 3 FEBS LETTERS July 1992 
with nuclear extracts from cells grown in the absence of 
thiamine, two bands migrating more slowly than the 
free probe were detected. These shift bands were re- 
moved by a IOO-fold molar excess of unlabeled oligonu- 
ckotide 1, suggesting that the mobility shifts were due 
to sequence-specific b nding of the yeast nuclear pro- 
teins to oligonucleotide 1. On the other hand, the shift 
bands were not detected when using nuclear extracts 
from the cells grown in the presence of thiamine. These 
results indicated that proteins capable of binding to the 
region between -234 and -215 of the PH03 gene existed 
in the nuclei of yeast cells cultured in thiamine-free me- 
dium. 
The findings obtained in this present study suggested 
that the region between -234 and -215 is indispensable 
fur PH113 expression and acts as an upstream activating 
region, which can interact with a regulatory protein(s). 
Mowever, this region alone is not sufficient for PH03 
expression, because synthetic oligonucleotide 1 could 
not express the PH03 gene to the full extent in vivo. To 
determine whether the sequences homologous to this 
region exist in other genes encoding the enzymes in- 
volved in thiamine metabolism in yeast, we are currently 
cloning these genes. 
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